L-band SiGe HBT dual-band differential amplifiers with frequency-tunable bandpass or bandstop responses have been developed for the next generation adaptive and/or reconfigurable wireless radios. A novel varactor-loaded dual-band resonator comprised of series and parallel LC circuits is employed in the load circuit of differential amplifiers for realizing dual-bandstop responses as well as the series feedback circuit for dual-bandpass responses. The dual-bandstop amplifier has presented a lower-bandstop frequency of 0.47 to 0.62 GHz with an upper-bandstop frequency of 1.17 to 1.18 GHz. Meanwhile, an upper-bandstop frequency can be varied from 0.6 to 1.1 GHz for a lower-bandstop frequency of 0.37 to 0.4 GHz. The maximal band-rejection was 17.7 dB. In addition, the dual-bandpass amplifier has achieved a lower-bandpass frequency of 0.37 to 0.5 GHz with an upper-bandpass frequency of 0.61 to 0.63 GHz. Meanwhile, an upper-
Introduction
Recent evolutions of wireless communication system are going forward the 4G advanced LTE and 5G systems including the adaptive and/or reconfigurable multi-standard transceivers as well as higher speed and higher frequencies [1] , [2] . The frequency spectrum becomes also wider from the traditional L/S-band up to millimeter-wave frequencies to meet a wide range of date rates over several frequency bands of wireless radios [3] . As the active radios are collocated in both frequency and space, the interference and image rejection becomes a crucial issue [4] . In the multi-band and multi-mode receiving operations, the image signals actually drop into the current frequency band which necessarily leads to time-frequency collisions and interferences. In order to meet these requirements, various types of multi-band amplifiers with bandpass or bandstop responses have been researched and developed. Most of the multi-band amplifiers with bandpass responses have focused on the concurrent amplification [5] , including wideband matching [6] , dual-band matching with a fixed frequency [7] and single-band matching with a tunable frequency [8] . On the other hand, various types of multi-band amplifiers with bandstop responses have been also reported, including active interference canceller [4] , image rejection LNA [9] , [10] and frequency-agile absorptive bandstop filter [11] . In order to enhance these performances, the authors have presented the dual-bandpass or dual-bandstop differential amplifiers having frequency-tunable capabilities with the use of the varactor-loaded stacked LC resonators [12] , [13] , [14] . These varactor-loaded stacked LC resonator can actually accomplish an independent frequency tuning but a frequency separation between dual-band frequencies was limited by the element value and thus frequency coverage becomes narrow. To address this problem, the varactor-loaded dual-band resonator comprised of series and parallel LC circuits was devised for the low-noise differential amplifier with bandpass or bandstop responses [15] . Since this resonator utilizes an open circuited condition in both the load and feedback circuits, the circuit stability becomes a serious problem. To address this issue, a novel varactor-loaded dual-band resonator is presented in this paper. It combines a dual-band LC resonator with a resistor for biasing and high stability and thus can provide dual-bandstop or dual-bandpass responses with high stability. The maximal gain is obtained for an open-circuited ZL or a short-circuited ZS. In a similar way, the minimal gain is obtained for a short-circuited ZL or an open-circuited ZS. For example, LC resonators can make both open-circuited and short-circuited conditions and thus bandpass or bandstop responses can be realized at multiple bands when applied to ZL or ZS. Now it is assumed that the dual-band resonators using LC circuits are employed in the load circuit ZL. Schematic diagrams of the dual-band resonators using LC circuits, frequency responses and resonant frequencies are summarized in Table 1 . Type A combines dual parallel LC circuits in a stacked configuration. Since parallel LC circuits become open at resonant frequencies, the resonator shows dual bandpass and single bandstop responses. The resonant frequencies f1 and f2 can be varied independently with the use of the variable capacitances C1 and C2. On the other hand, type B combines dual series LC circuits in parallel. Since series LC circuits become short at resonant frequencies, the resonator shows dual bandstop and single bandpass responses. The resonant frequencies f1 and f2 can be also varied independently. Types C and D combines parallel and series LC resonators. As compared with Types A and B, the resonant frequencies f1 and f2 cannot be varied 716
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independently. However, the frequency separation becomes larger [15] . The difference between Types C and D is in that series and parallel LC resonators are combined in parallel for Type C or in series for Type D. Type C provides dual bandpass and single bandstop responses but type D produces dual bandstop and single bandpass responses. The resonant frequencies f1 and f2 are the same but f3 is different. Since each circuit element has a resistive value in actual cases, the circuit loss becomes larger for Type D because of the series connection of circuit elements. Table 1 shows the case in that the dual-band resonators are employed in the load circuit ZL of the differential amplifier. In an application of the series feedback circuit ZS, the frequency responses become just the opposite, as clearly shown in Equation 1. In this paper, the design, fabrication and performance of the dual-bandpass or dual-bandstop differential amplifier with the dual-band resonator of Type D are described. Table 1 Schematic diagrams of the dual-band resonators using LC circuits, frequency responses and resonant frequencies Ref. [12] , [13] , [14] [12], [13] , [14] [15] This work
Dual-Bandstop Differential Amplifier
A schematic diagram of the L-band SiGe HBT dual-band differential amplifier having frequency-tunable bandstop responses is displayed in Fig. 2 . The varactor-loaded dual-band resonator of Type D in Table 1 is employed in the output circuit ZL to achieve dual-bandstop responses. L1 and C1 consists of a parallel LC resonator as well as L2 and C2 consists of a series LC resonator. C1 and C2 are a variable capacitance, as shown in Fig. 2 . RL is connected is parallel with the dual-band resonator for biasing and high stability. The value of RL has to be carefully chosen for biasing and high stability. In consideration with the output matching, 56 ohms was finally chosen. A cascode connection of HBTs is used to achieve high gain as well as variable gain. VCC and VB2 are a supply voltage and a control voltage of the 2nd base bias, respectively. The circuit element values are listed in Table 2 . 
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The resonant frequencies of f1, f2 and f3 are calculated by using the equations of Type D listed in Table 1 as well as the circuit element values of Table 2 . The calculation was done first for a variable C1 and a fixed C2. The calculated results are shown in Fig. 3 . As clearly shown, f1, f2 and f3 are varied with C1. Moreover, the bandpass frequency f3 is necessarily sandwiched between f1 and f2. Then the calculation was done for a variable C2 and a fixed C1. The calculated results are shown in Fig. 4 . Contrary to Fig. 3, f3 keeps constant. The bandpass frequency f3 is also sandwiched by f1 and f2. 
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[GHz] 
[GHz] Measured gains of the L-band SiGe HBT dual-band differential amplifier having frequency-tunable bandstop responses are shown in Fig. 6 for a variable C1 and a fixed C2 as well as in Fig. 7 for a variable C2 and a fixed C1. In Fig. 6 , the lower-bandstop frequency was varied from 0.47 to 0.62 GHz with an upper-bandstop frequency of 1.17 to 1.18 GHz. On the other hand, the upper-bandstop frequency can be varied from 0.6 to 1.1 GHz for a lower-bandstop frequency of 0.37 to 0.4 GHz in Fig. 7 . The maximal band-rejection was 17.7 dB. The bias conditions for VCC, VB2, VC1 and VC2 are also shown in Figs. 6 and 7. A collector current was around 8mA.
Dual-Bandpass Differential Amplifier
A schematic diagram of the L-band SiGe HBT dual-band differential amplifier having frequency-tunable bandpass responses is demonstrated in Fig. 8 . The varactor-loaded dual-band resonator of Type D in Table 1 is employed in the series feedback circuit ZS to achieve dual-bandpass responses. L1 and C1 consists of a parallel LC resonator as well as L2 and C2 consists of a series LC resonator. C1 and C2 are a variable capacitance. RL is connected is parallel with the dual-band resonator for high stability. The value of RL has to be carefully chosen because there exists a tradeoff between stability and frequency-tuning capability. Therefore the value of RL was finally chosen as 100 ohms for high stability. A cascode connection of HBTs is also used to achieve high gain as well as variable gain. The circuit element values listed in Table 2 are used. 
Frequency
[GHz] Measured gains of the L-band SiGe HBT dual-band differential amplifier having frequency-tunable bandpass responses are shown in Fig. 12 for a variable C1 and a fixed C2 as well as in Fig. 13 for a variable C2 and a fixed C1. Contrary to the dual-bandstop amplifier in Fig. 6 , the value of C2 was chosen as a large value, that is, VC2 is small. Therefore, f1 and f2 have come closer and finally overlapped. In Fig. 12 , the lower-bandstop frequency was varied from 0.37 to 0.5 GHz with an upper-bandstop frequency of 0.61 to 0.63 GHz. Meanwhile, the upper-bandstop frequency can be varied from 0.61 to 1.11 GHz for a lower-bandstop frequency of around 0.36 GHz in Fig. 13 . The maximal gain was 9.6 dB. The bias conditions for VCC, VB2, VC1 and VC2 are also shown in Figs. 12 and 13. A collector current was around 8mA.
Conclusions
Design, fabrication and performance of the L-band SiGe HBT dual-band differential amplifiers with frequency-tunable bandpass or bandstop responses have been presented. The implemented amplifiers have demonstrated excellent frequency-tunable dual-bandpass or dual-bandstop responses with high stability. These results clearly demonstrate that the varactor-loaded dual-bandpass or dual-bandstop differential amplifier presented in this paper would be useful for the next generation adaptive and/or reconfigurable wireless transceivers using the active phased array antennas with beam-forming networks.
